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New Roundabouts Send Axons Minireview
into the Fas Lane
Recent work in several laboratories showed that axon
guidance at the midline is dependent on a molecular
gateway that both repels ipsilateral axons and prevents
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contralateral axons from recrossing the midline barrierHarvard Medical School
(reviewed by Flanagan and Van Vactor, 1998; Van VactorBoston, Massachusetts 02115
and Flanagan, 1999). This repellent (Slit) and its recep-
tors (Roundabouts) are members of protein families
conserved from worm and fly to man. Like Netrins, Slit
Even in an invertebrate central nervous system (CNS) proteins are expressed by midline cells, whereas Round-
far simpler that our own, axon pathways that connect about (Robo) proteins are found on axons either before
the different parts of an organism are tremendously they reach the midline or after they cross, but not during
complicated. Despite this complexity, each axon navi- the passage. Like other axon repellents, Slits mediate
gates with astonishing precision to reach specific target growth cone collapse.
cells. Like mariners at sea, axons require landmarks for Although this work identified Drosophila Slit as the
guidance. There are long-range cues that define direc- midline barrier, significant mysteries remained. The ef-
tion, like the earth’s magnetic field, and short-range fect of Slit loss is different from that of Robo loss. In robo
cues that indicate local position, like the islands and mutants, ipsilateral and contralateral axons proximal to
coastline on a familiar map. Since different axons have the midline cross and recross the midline indiscrimi-
distinct destinations, each axon must interpret this infor- nately. However, in slit mutants, all axons collapse into
mation and make decisions appropriate for its destiny. the midline and never escape. This suggests that Robo
Although axon guidance has fascinated biologists for is only required at short range in proximal axons to
a century, only recently have molecules that specify prevent crossing, but not for escape from the midline,
guidance choices been identified (reviewed by Tessier- whereas Slit is required at long range for the guidance
Lavigne and Goodman, 1996). We now know that guid- of all axons, and it also mediates escape. This disparity
ance is achieved through combinations of factors that predicted some additional Slit receptor(s). The existence
act to attract or repel axonal growth cones, and we are of multiple Robo genes in fly and man provided candi-
beginning to understand the larger organizing principles dates for this role.
that shape neural architecture. Four papers in this Robo2 Fills the Gap
month’s issues of Cell and Neuron provide a beautiful There are three Robos in Drosophila (Figure 1B). All
example of this (Rajagopalan et al., 2000a, 2000b; Simp- three proteins are expressed on axon pathways and are
son et al., 2000a, 2000b). Parallel studies from the labo- excluded from the midline barrier. However, only Robo
ratories of Corey Goodman and Barry Dickson reveal and Robo2 are expressed on early axons at the time
that the axon repellent Slit and its receptors in the that they first approach the midline, suggesting that
Roundabout family not only control the passage of ax- both might respond to Slit (Rajagopalan et al., 2000a;
ons through the midline choice point that separates the Simpson et al., 2000b). A gain-of-function screen that
right and left sides of the Drosophila CNS, but also showed that high levels of robo2 could prevent midline
set up a long-range navigational system that patterns crossing of axons provided support for this idea (Rajago-
axonal projections throughout the CNS neuropil. palan et al., 2000a). Subsequently, it was found that
Axon Guidance at the Midline Choice Point overexpression of robo3 leads to a similar phenotype.
The midline of the CNS has emerged as a powerful Both Robo2 and Robo3 are therefore able to keep axons
model system to study axon guidance mechanisms away from the midline; however, the critical question
(Tessier-Lavigne and Goodman, 1996). At this choice was whether they are also necessary for this task.
point, specialized midline cells form an intermediate tar- In accord with the prediction, analysis of robo2 mu-
get that acts as a potent organizing center that both tants revealed midline crossing errors at a moderate
attracts axons and regulates their passage across. Ax- frequency (25%). In robo3 mutants, such errors are less
ons that are meant to remain on the ipsilateral (same) frequent (7%). Both phenotypes are mild compared to
side are simply repelled by the midline. However, a robo mutants, indicating that Robo plays the most im-
portant role in restricting crossing. However, robo,robo2crossing axon must accomplish a series of navigational
double mutants revealed a striking synergy between thegoals (Figure 1A). First, it must respond to the long-
two genes. In these embryos, all axons turn toward therange chemoattractant Netrin whose concentration is
midline and stay there, unable to leave (Figure 1C). Thishighest at the midline. Next, at the midline, the axon
is identical to what is seen in slit mutants, where presum-must penetrate the midline cells and then escape from
ably all midline repellent activity is lost. Thus, Robo2this rich source of attractant to emerge on the contralat-
seems to cooperate with Robo in the task of keepingeral (other) side. After this escape, the axon must be
axons away from the midline. The double mutant experi-prevented from reentering the midline, so that it can
ment also demonstrates that either Robo or Robo2 hasturn and select the appropriate longitudinal pathway
to be present for axons to exit the midline. In contrast,that will send it toward the correct destination.
the robo,robo3 double mutant appears similar to robo
alone, indicating that Robo3 probably plays only a minor* To whom correspondence should be addressed (e-mail: davie@
hms.harvard.edu). role to control midline crossing, consistent with its later
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Lateral Pathway Selection and the Robo Code
The expression patterns of Robo3 and, in particular, of
Robo2 are dynamic: Robo2 is expressed ubiquitously
during the early stages, when axons first pioneer their
various pathways, while later on it is restricted to the
lateral-most regions of the CNS. Robo3, which plays
only a minor role in controlling midline crossing, comes
on later and is restricted to intermediate and lateral
regions from the start. Thus, a striking pattern of overlap-
ping Robo family member expression emerges in the
late embryonic neuropil: from medial to lateral, three
major zones become apparent. Each zone contains mul-
tiple axon pathways, some of which can be visualized
with specific markers like Fasciclin II (Fas II; Figure 2).
The medial zone expresses only Robo, the intermediate
zone expresses Robo plus Robo3, and the lateral zone
expresses all three Robos, so that neurons in each zone
express a different combination of Robos, or a different
“Robo code” (Figure 2A). What could be the significance
of this remarkable pattern?
The answer was found by looking at the longitudinal
fascicles of different robo mutants and robo-overex-
pressing embryos at later stages. In addition to the axon
crossing defects described above, the lateral positions
of the longitudinal fascicles were also changed in very
specific ways. In brief, when axons lack one or more
Robos, they move closer to the midline; if they express
Figure 1. Events and Molecules at the Drosophila Midline
Robos that are normally not present in their zone, they
(A) Cartoon of the Drosophila ventral nerve cord in a dorsal view.
move further away (Figure 2B). Which fascicle(s) areShown are three representative neurons: two noncrossing neurons,
affected in the mutants correlates perfectly with whichone of which is medially located (red) and one that is more lateral
Robo family member is eliminated. For example, in(green), and a crossing neuron (blue) that enters one of the longitudi-
nal fascicles after it has crossed the midline (ML, shown in orange). robo3 mutants the intermediate fascicle axons (which
Crossing neurons have to accomplish three tasks: (1) they have to normally express Robo plus Robo3) join the medial fas-
turn towards the midline, i.e., respond to attractants such as Netrin, cicle (which expresses Robo alone); the lateral fascicle
(2) they have to be pushed out of the midline once they have entered is mostly found in its correct location. On the other hand,
it, and (3), they have to choose the correct longitudinal pathway
if robo2 (normally expressed in the lateral fascicle) isalong which to extend. Noncrossing (ispsilateral) neurons just have
missing, lateral axons now have the same Robo codeto be repelled from the midline (4). The presumptive gradient of Slit
as intermediate ones and are shifted to the intermediateprotein emanating from the midline is involved in steps 2, 3, and 4.
(B) Sequence motifs of Drosophila Robo protein family members position. In robo2,robo3 double mutants, all axons ex-
and Slit protein. The extracellular domains of the Robo family mem- press Robo alone, resulting in only one fascicle in the
bers are highly conserved, consisting of five immunoglobulin and medial position. In the converse set of experiments, it
three fibronectin type III domains. Robo has four intracellular motifs
was shown that misexpression of Robo2 drives medial(CC0, CC1, CC2, CC3). The new Robo family members Robo2 and
axons further out than Robo3 does. Taken together,Robo3 contain the tyrosine phosphorylation sites CC0 and CC1, but
these experiments strongly suggest that the Robo codethey lack both CC2 (a binding site for Enabled) and CC3 (interacting
with the Abl tyrosine kinase). The Slit ligand is a large secreted on a given axon determines how sensitive its growth
molecule consisting of four tandem leucine-rich repeats (LRR), fol- cone is to different levels of Slit protein. Expression of
lowed by seven EGF repeats and a cysteine knot (a dimerization Robo2 confers the highest sensitivity to Slit, since axons
motif). expressing it are driven out to the most lateral positions.
(C) Phenotypes of robo mutants. Left: in robo mutants, medially
This is the case even in the absence of Robo and Robo3.located neurons (red, blue) cross and recross the midline (the “me-
Thus, unlike midline escape, Robo2 can function inde-andering” phenotype), while more laterally located neurons (green)
pendently of Robo in lateral pathway selection.extend relatively normally. Middle: in robo2 (and to a lesser degree
in robo3) mutants, lateral neurons (green) are sometimes found to The above interpretations all hinge on two assump-
ectopically cross the midline. Right: in robo,robo2 double mutants tions: (1) that a long-range gradient of Slit protein ema-
all axons collapse onto the midline and are unable to leave it. This nates from the midline and (2) that Slit is the sole ligand
phenotype is identical to the slit mutant phenotype. for Robos. The existence of a gradient is extremely diffi-
cult to demonstrate in vivo; however, elegant genetic
onset of expression. Thus, Robo and Robo2 cooperate experiments described here, as well as others detailed
in overlapping but nonredundant roles to restrict entry in the present papers, make this a likely scenario. As for
into the midline, with Robo acting primarily in medial the relationship between Slit and Robos during midline
axons and Robo2 in more lateral ones. In addition, crossing, the robo,robo2 double mutant phenotype is
Robo2 cooperates with Robo in driving axons out of identical to the slit phenotype and represents a complete
the midline once they have entered. In contrast to Slit, inability to sense any midline repellent activity. There-
however, neither receptor is absolutely required for this fore, while other ligands for Robo receptors may exist,
the data are consistent with Slit being the only ligand.function.
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Thus, according to the current model, Slit plays a dual
role in axon guidance at the midline: first, it acts as a
short-range repellent to prevent axons from inappropri-
ately crossing the midline, and once they have crossed
it, to push them away from it (the gatekeeper and antilin-
ger function). Secondly, it has a long-range repellent
function that serves to instruct axons as to how far
from the midline they should venture before choosing
a pathway.
Although the midline expression and repellent func-
tions of Slit have been conserved from fly to mammal
(reviewed by Van Vactor and Flanagan, 1999), this is
not yet clear for the long-range navigational system.
Sequence divergence between Robo2, Robo3, and their
vertebrate cousins raises the possibility that the long-
range function of Slit is a recent evolutionary advance
(Rajagopalan et al., 2000b). Moreover, vertebrate stud-
ies suggest that midline guidance is quite complex, in-
volving other classes of repellent receptors such as Eph
tyrosine kinases (e.g., Imondi et al., 2000) and a member
of the Neuropilin family (Zou et al., 2000), as well as other
secreted factors such as F-spondin (Burstyn-Cohen et
al., 1999). The fact that there is much to learn should be
no surprise, however, given the complexity of guidance
decisions at the midline.
Putting It All Together
Roughly two decades ago, the question of whether ax-
ons navigate specifically to their targets was still in de-
bate, as was the utility of genetic approaches to this
phenomenon. At that time, a series of studies from inver-
tebrate systems made it clear that at least some axons
display remarkable specificity in their pathway choices
and that they depend on particular cell–cell interactions
for this to occur. For example, work of Goodman and
colleagues revealed that different grasshopper neurons,
which cross the CNS midline, then turn and reproducibly
join (fasciculate with) only one of many axon bundles
on the contralateral side. These observations led to the
“labeled pathways hypothesis” that anticipated that
each axon bundle would carry a unique set of surface
markers to guide the follower axons (reviewed by Good-
man et al., 1984). Ensuing work in grasshopper and
Drosophila identified candidates for this role, exempli-
fied by Fas II, a cell adhesion molecule expressed on a
small subset of distinct axon pathways. However, when
Figure 2. The Robo Code and the Labeled Pathways Model the function of Fas II was assessed in Drosophila, it
(A) Schematic representation of a cross section through the Dro- became clear that, while this protein served as an impor-
sophila ventral nerve cord, showing from left to right the midline tant local cue to organize groups of axons into specific
(ML), a commissure, and the area of the longitudinal fascicles. A fascicles, Fas II was not required for long-range deci-
presumptive Slit protein gradient (blue) emanates from the midline,
sions or directionality (Lin et al., 1994). The discoverywith progressively lower levels in lateral regions. In the longitudinal
tract area, axons express one of three combinations of robo family
members (i.e., one of three “Robo codes,” indicated in different
shades of gray): axons in the most medial location express robo
only, intermediate axons express robo plus robo3, and the most mutants, the intermediate fascicle disappears and its axons are now
laterally located axons express all three robo family members on found in the medial fascicle that appears thicker. Right: if robo2 is
their surfaces. Also indicated are the approximate locations of the overexpressed in all neurons, all axons converge in a single fascicle
three Fas II–expressing longitudinal fascicles (red ovals) (M, medial; in a lateral position.
I, intermediate: L, lateral Fas II fascicle). (C) A combinatorial code for pathfinding at the midline. Neurons
(B) Longitudinal fascicle phenotypes in robo family member mu- find their general target area according to which robo code they
tants. Left: in late-stage wild-type embryos, three longitudinal Fas express on their cell surfaces (indicated in different shades of gray),
II–expressing fascicles are seen on either side of the midline (ML). which determines how far they are pushed laterally by the gradient
They are located according to their robo codes (indicated in boxes of Slit repellent (blue). To arrive at their precise destination within
above the panels), the medial fascicle expressing only robo, the this area, they rely on local cues, or pathway labels (indicated by
intermediate expressing robo and robo3, and the lateral fascicle colored circles, X, Y, Z), e.g., cell adhesion molecules such as Fas
expressing all three robos. Middle: in robo3 loss-of-function II or Connectin.
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of the “Robo code” provides the key to a more global Interpreting the Robo Code
The functional comparison of each robo gene raisesmodel.
some fascinating questions about the different waysAs axons escape from the midline and begin to ex-
that an axon can interpret the Slit signal. Robo seemspress the combination of Robo receptors appropriate
to specialize in the short-range response. Robo2, whichfor their cell fate, they will extend down a gradient of
mediates responses at greater distance, is not function-Slit until they approach a comfort zone where repulsion
ally interchangeable with Robo. While this could repre-is no longer overwhelming. But how do axons find their
sent subtle differences in the pattern and/or regulationprecise lateral location within one of the relatively broad
of their expression, there is another likely source of dis-zones defined by their Robo code? Experiments pre-
tinction. Despite overall structural conservation amongsented here and elsewhere point to a transition from
Robos, there are intriguing differences. For example,long-range cues to local interactions between axons
Robo contains four conserved intracellular peptide mo-that eventually confine them to a specific fascicle along
tifs thought to recruit signaling proteins such as the Ablthe medial-lateral axis. This was beautifully illustrated
tyrosine kinase and its substrate Enabled to convey and/by driving robo2 in specific neurons that normally extend
or regulate the repellent signal (Bashaw et al., 2000).along the medial Fas II pathway. Overexpression of
However, only two of these motifs are present in Robosrobo2 pushes these neurons more laterally, but not in
2 and 3 (Figure 1B). Since Robos 2 and 3 are fully func-an evenly distributed or bell curve–like manner. Rather,
tional repellent receptors, these missing sites appear tothe axons always chose a pathway in either the interme-
play more subtle roles in the process, as suggested bydiate or the lateral Fas II fascicle (Figure 2B). Similarly,
the mild midline phenotype of enabled mutants. Whileother neurons that normally run along a medial pathway
the downstream differences may distinguish long-range(marked with a different label, such as Connectin) are
and short-range repulsion, additional signaling proteinscaptured by a discrete, more lateral pathway when re-
are likely to mediate these functions. Ultimately, makingpelled from the midline with ectopic robo2 or robo3. In
the link between signals at the cell surface and the motil-this way, axons repelled by a long-range gradient of Slit
ity machinery inside of the cell will help us understandare not simply chased out of the CNS, but rather find
how axonal growth cones make up their minds. Butspecific and local attractive interactions to counterbal-
these answers lie just beyond the horizon.
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